Introduction {#sec1-1}
============

Carbon monoxide (CO) is well known as a toxic gas and it is associated with high emergency department visits per year ([@ref1]-[@ref3]). Moderate to severe CO poisonings are resulting in high rate of hospitalization and mortality ([@ref1], [@ref2], [@ref4]). CO poisoning is related to more than half of fetal poisoning in worldwide ([@ref4]). Also there are numerous reports indicated high mortality rate due to CO poisoning in Iran ([@ref5], [@ref6]).

Cardiotoxicity due to CO poisoning is the most common consequences especially in moderate to severe intoxication ([@ref2]-[@ref4], [@ref7]). There are broad spectrum of cardiac insults in CO poisoning including: cardiomyopathy, angina, arrhythmia, heart failure and cardiogenic shock ([@ref4], [@ref8], [@ref9]).

Myocardial infarction and sudden death are reported in severe CO poisoning ([@ref4]). However there are evidences indicating a relation between ambient CO air pollution and increase in cardiac disease events. Several studies have been shown that rise in ambient CO level increased the risk of ischemic heart disease and heart failure especially in elderly and high risk people ([@ref10], [@ref11]). The pathophysiology of CO induced-cardiotoxicity is related to hypoxic damage and also cardio-specific mechanisms such as impairment of cytochrome C in mitochondria respiratory chain and myoglobin defect ([@ref4]). Along with nervous damage, cardiac injury is the main CO poisoning consequence but there isn't any special treatment for cardiovascular events in CO poisoning other than oxygen therapy ([@ref2], [@ref4]).

Recently, erythropoietin (EPO), a cytokine hormone, has investigated as a tissue protective and anti-ischemic agent ([@ref12], [@ref13]). However these new investigated effects is unrelated to its well-known erythropoietic property ([@ref14], [@ref15]). There are numerous studies indicating protective effect of EPO on cardiac ischemia and myocardial injury ([@ref14], [@ref16]-[@ref18]). The results of cardiac ischemia/reperfusion studies have been shown that EPO administration improved cardiac function and reduced infarct size and cardiomyocyte death ([@ref15], [@ref19], [@ref20]). Several mechanisms have been introduced to explain the protective effects of EPO, such as anti-inflammatory, anti-oxidant and anti-apoptosis properties of EPO ([@ref14], [@ref21], [@ref22]). We previously showed that EPO could reduce ischemic ECG changes induced by severe CO poisoning in rat ([@ref23]).

This trial was designed to more investigations on CO cardiotoxicy and EPO effects. For this purpose histopathological examination was utilized for evaluation of EPO effects on CO induced-cardiac injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Wistar male rats, weighing 200-250 g, were housed in the Animal Center of Buali Research Institute. They were kept under standard conditions (21-23°C temperature, 12 hr/12 hr light/dark cycle) with free access to food and water. All animals were treated in accordance with the Guidelines for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication no. 85-23, Revised 1996). The study was approved by the Animal Care Committee of Mashhad University of Medical Sciences.

Experimental groups {#sec2-2}
-------------------

The animals were intoxicated by 3000 ppm CO as a model of severe CO intoxication in rat ([@ref24], [@ref25]). For induction of CO poisoning, the animals were placed in a 12 l airtight plexiglass container with entrance and exit taps. 3000 ppm of CO was flowed to the container at a constant flow for 40 min. The CO concentration was monitored continuously with a CO analyzer (Model 707 carbon monoxide analyzer, TPI, Korea). At the end of CO exposure, animals in EPO+CO group were injected intraperitoneally with recombinant human EPO (rhEPO, Pooyesh Draou Co, Iran; 5000 IU/kg). EPO dosing was selected based on previous published studies ([@ref14], [@ref15]). Blood sample was taken from the tail vein after CO exposure and then all animals were exposed to ambient air for 2 hr. After anesthesia induction by ketamin/xylazin mixture (100/10 mg/kg) the animal's heart was removed. A total five animals in each group were examined. Animal groups were as the following:

Group 1 (3000 ppm CO group): 5 animals were exposed to 3000 ppm of CO for 40 min. Afterward the animals were re-oxygenated with normal air.

Group 2 (3000 ppm CO + EPO group): 5 animals were exposed to 3000 ppm of CO for 40 min. EPO was injected after CO exposure, and then the animals were re-oxygenated with normal air.

Group 3 (control group): 5 rats, no CO inhalation and no EPO treatment.

Carboxyhemoglobin level assay {#sec2-3}
-----------------------------

Blood samples were taken from the tail vein of animals and heparinized. Carboxyhemoglobin levels were assessed with a spectrophotometer calibrated for rat blood (Jasco, Japan).

Histological examination {#sec2-4}
------------------------

One portion of the harvested left ventricle was fixed in phosphate-buffered 10% formalin, embedded in paraffin and sectioned at a thickness of 5 μm. The sections were stained with hematoxylin and eosin. The myocardial injury in each group was evaluated semi-quantitatively by light microscopy. Changes were graded based on the frequency and severity of observed lesions ([Table 2](#T1 T2){ref-type="table"}). The first grade was defined as the presence of dispersed necrotic cells and/or lymphatic infiltration, the second grade related to the presence of necrotic unifocal and/or bifocal area ([Figure 1B](#F1){ref-type="fig"}), and the third grade was shown the presence of more than two necrotic areas per section ([Figure 1C](#F1){ref-type="fig"}).

###### 

Blood carboxyhemoglobin levels after carbon monoxide poisoning in animals

  Groups            Mean±SD (ng/ml)   Range (%)
  ----------------- ----------------- -----------
  3000 ppm groups   70±8              60-76
  Control group     1±0.9             0.7-1.5

###### 

Histopathology finding in heart of rat intoxicated by 3000 ppm carbon monoxide (CO) with or without receiving erythropoietin (EPO)

  Groups                                        Grade 0 (Normal state)   Grade 1 (Necrotic cells and/or lymphatic infiltration)   Grade 2 (Necrotic uni-focal and/or bifocal area)   Grade 3 (More than two necrotic areas/sections)
  --------------------------------------------- ------------------------ -------------------------------------------------------- -------------------------------------------------- -------------------------------------------------
  3000 ppm CO[\*](#t2f1){ref-type="table-fn"}   0/5                      1/5                                                      2/5                                                2/5
  3000 ppm CO+ EPO                              3/5                      2/5                                                      0/5                                                0/5

Statistical compare between two groups represented *P*\<0.05 (Chi-square)

![Histology evaluation of myocardium in 3000 ppm CO, 3000 ppm CO+EPO and control groups stained by haematoxylin-eosin. A) Normal state (grade 0) was shown in 3000 ppm CO+EPO and control groups. B) Section representing grade 2; uni and bifocal area was observed in 3000 ppm CO group. C) Section display grade 3; more than bifocal necrotic was shown in 3000 ppm CO group. (All picture are shown in magnification×40)](IJBMS-20-1189-g001){#F1}

Electron microscopy {#sec2-5}
-------------------

Myocardial tissue samples were processed for electron microscopy; a portion of the left ventricle was rapidly (within 1 min) cut into 1 mm^3^ pieces, fixed with 2.5% glutaraldehyde and stored at 4°C. These portions were embedded in glycol methac- rylate resin, sectioned at a thickness of 1 μm and stained with alkaline toluidine blue for electron microscope analysis. Edema in the sarcoplasmic reticulum, vacuolization in myocytes, loss of myofibrils and injury of mitochondria were assessed by electron microscopy.

Statistical analysis {#sec2-6}
--------------------

Data analyses were performed using SPSS version 11.5. Individual groups were assessed with Chi-square or Fisher's Exact Test; all statistical tests were 2-sided. Differences were considered significant at *P*\<0.05.

Results {#sec1-3}
=======

Carboxyhemoglobin (COHb) levels after CO intoxication {#sec2-7}
-----------------------------------------------------

Carboxyhemoglobin values are shown in [Table 1](#T1){ref-type="table"}. The COHb level is a biochemical marker of CO poisoning. High level of COHb was shown severe CO poisoning in rats by 3000 ppm CO.

Myocardial pathology {#sec2-8}
--------------------

CO intoxication by 3000 ppm CO induced myocardial injury that was visible by light microscopy. Necrotic lesions and lymphatic infiltration as grade 2 and 3 were shown in 3000 ppm CO group predomin- antly ([Figure 1](#F1){ref-type="fig"}). In EPO treatment group less necrotic area and lymphatic infiltration were observed. Subsequently 3000 ppm CO +EPO group represented less myocardium injury in comparison with 3000 ppm CO group that not received EPO treatment and significant difference was shown between these two groups (*P*≤0.05), ([Table 2](#T2){ref-type="table"}). No lesions were observed in samples of control group.

Electron microscopy {#sec2-9}
-------------------

Mitochondrial swelling and disruption and also myofibrillar lysis were observed frequently in heart rat intoxicated by 3000 ppm CO. No significant changes were shown in 3000 ppm CO+EPO group compare with the control group ([Figure 2](#F2){ref-type="fig"}).

![Evaluation of cardiomyocytes by electron microscopy: A) Normal myofibril and mitochondria in control group; ×3150. B) Swelling and disruption of mitochondria and myofibril degeneration in rat receiving 3000 ppm carbon monoxide (CO); ×4000. C) Extensive myofibril degeneration in rat intoxicated by 3000 ppm CO; ×4000. D) Mitochondria and myofibril state in rat receiving erythropoietin (EPO) after 3000 ppm CO intoxication; ×6300](IJBMS-20-1189-g002){#F2}

Discussion {#sec1-4}
==========

Cardiac insult is one of the major consequences of CO poisoning leading to high morbidity and mortality ([@ref2], [@ref4], [@ref8]). Myocardial injury associated with severe CO intoxication has been shown frequently in the literatures ([@ref9], [@ref26], [@ref27]).

In this study CO induced-myocardial injury in rat has been evaluated; the histopathology assessment has been shown lymphocyte infiltration and exten- sive necrotic lesions. Moreover myofibril lysis and mitochondrial swelling were shown by electron microscopy. The administration of EPO after CO significantly reduced myocyte insults compare with the 3000 ppm CO group. Fineschi *et al*.([@ref28]) have been shown coagulative myocytolysis and necrotic myocells in rat heart following sub lethal CO intoxication. In other study lymphatic infiltrations also necrotic cells and foci demonstrated within 2 hours following 3000 ppm CO intoxication in rat ([@ref29]).

In recent years, EPO extensively has been evaluated as a tissue protective agent ([@ref12], [@ref13]). Moreover there are numerous studies indicating protective effect of EPO against cardiac injury ([@ref14], [@ref16], [@ref20], [@ref30]).

There are several *invivo* studies indicating administration of 5000 IU/Kg EPO after cardiac ischemia resulted in improvement of cardiac functions and hemodynamic also reduction of myocyte loss and infarct size ([@ref14], [@ref15], [@ref31]).

Also in other studies EPO evaluated in doxorubicin- induced cardiotoxicity and the results showed the cardiac function improvement and inhibition of cardiomyocytes apoptosis ([@ref32], [@ref33]). Previously we have shown that EPO administration (5000 IU/Kg) after 3000 ppm CO, reduced significantly electrocardiogram (ECG) ischemic changes in rat ([@ref23]). Several mechanisms have been investigated to explain tissue protective effect of EPO. The anti-inflammatory, anti-oxidative and anti-apoptosis effects of EPO probably attributed to EPO protective effect. Since the roles of ischemia and oxidative damage in CO cardiotoxicity, it seems the anti-ischemic and anti-oxidative properties of EPO probably have roles in reduction of myocardial injury induced by CO intoxication.

Conclusion {#sec1-5}
==========

The results of present study showed that EPO significantly reduced cardiomycyte injury induced by severe CO intoxication in rat that confirmed the finding of our previous studies (*P*\<0.05). Our results in this study provided more evidence of EPO protective effect on CO-cardiotoxicity which could be considered for more investigation as a choice for treatment of cardiac insults induced by CO poisoning.

The results described in this paper are part of a PhD thesis. This work was supported by the Vice Chancellor of Research, Mashhad University of Medical Science (grant number: 88071).
